The symbiotic association between aphids (Homoptera) and Buchnera aphidicola (Gammaproteobacteria) started about 100 to 200 million years ago. As a consequence of this relationship, the bacterial genome has undergone a prominent size reduction. The downsize genome process starts when the bacterium enters the host and will probably end with its extinction and replacement by another healthier bacterium or with the establishment of metabolic complementation between two or more bacteria. Nowadays, several complete genomes of Buchnera aphidicola from four different aphid species (Acyrthosiphon pisum, Schizaphis graminum, Baizongia pistacea, and Cinara cedri) have been fully sequenced. C. cedri belongs to the subfamily Lachninae and harbors two coprimary bacteria that fulfill the metabolic needs of the whole consortium: B. aphidicola with the smallest genome reported so far and "Candidatus Serratia symbiotica." In addition, Cinara tujafilina, another member of the subfamily Lachninae, closely related to C. cedri, also harbors "Ca. Serratia symbiotica" but with a different phylogenetic status than the one from C. cedri. In this study, we present the complete genome sequence of B. aphidicola from C. tujafilina and the phylogenetic analysis and comparative genomics with the other Buchnera genomes. Furthermore, the gene repertoire of the last common ancestor has been inferred, and the evolutionary history of the metabolic losses that occurred in the different lineages has been analyzed. Although stochastic gene loss plays a role in the genome reduction process, it is also clear that metabolism, as a functional constraint, is also a powerful evolutionary force in insect endosymbionts.
The other two belong to two different aphid lineages, B. aphidicola BBp from Baizongia pistaciae (52) and B. aphidicola BCc from Cinara cedri (37) , members of the subfamily Eriosomatinae and Lachninae, respectively. In addition, the genomes of seven strains of B. aphidicola from A. pisum have been sequenced (28) . The comparative analysis of the B. aphidicola genomes revealed an extreme case of evolutionary stasis with nearly perfect gene order conservation. Thus, the gene order in extant Buchnera can be considered a gene order fossil that has practically been preserved since the last common symbiotic ancestor (LCSA) of all present B. aphidicola lineages (37, 47, 52) . However, all these bacteria possess different genome sizes, with the B. aphidicola genome from C. cedri (with 425 kb) the smallest B. aphidicola genome known, up to 200 kb smaller than the others. In this genome, gene losses were especially dramatic in biosynthesis of nucleotides, metabolism of cofactors and vitamins, and cell envelope and transport (37) . However, it has conserved a simplified metabolism that uses glucose as an energy source through substrate-level phosphorylation. Regarding the main role of B. aphidicola in aphid symbiosis as a provider of amino acids, B. aphidicola BCc is unable to fulfill this role, as it has lost the ability to synthesize tryptophan.
A particular feature of C. cedri is the massive presence of the secondary endosymbiont "Candidatus Serratia symbiotica," which has been reported to have become an obligate symbiont in this aphid (17, 22) , whereas it is a facultative symbiont in other aphid species (30, 34) . Indeed, there are recent reports of a close endosymbiotic consortium that involves B. aphidicola and "Ca. Serratia symbiotica" in C. cedri (18) . Thus, both bacteria are involved in the synthesis of tryptophan. Therefore, the obligate biochemical interdependence between the two endosymbionts can represent an evolutionary seal of bacterial metabolic complementation and establishment of a stable consortium (31) . In the other B. aphidicola strains analyzed thus far, the first two genes of the tryptophan pathway (trpEG) are either in a plasmid or in the main chromosome, but they are always separate from the rest of the genes in this pathway (trpDCBA), which remain in the chromosome. In B. aphidicola BCc, there is a plasmid containing trpEG, but the rest of the genes for the tryptophan biosynthesis pathway (trpDCBA) are located on the chromosome of "Ca. Serratia symbiotica" (18) . The case of B. aphidicola BCt, primary endosymbiont of the aphid Cinara tujafilina, is very striking. In this strain, there is a chimeric pLeu/Trp plasmid that contains the first two genes of the tryptophan pathway (trpEG) and the structural genes for leucine synthesis (14, 23) .
The B. aphidicola BCt genome has been estimated to be about 25 kb bigger than the B. aphidicola BCc genome by pulsed-field gel electrophoresis (13) . On the other hand, C. cedri and C. tujafilina are closely related both phylogenetically and entomologically (40) ; they also live on closely related plant hosts (cedar and thuja trees, respectively), and both harbor "Ca. Serratia symbiotica" as a second endosymbiont. However, the bacterial phylogenetic analysis carried out with members of the subfamily Lachninae showed two different and very divergent "Ca. Serratia symbiotica" lineages. One lineage encompasses "Ca. Serratia symbiotica" from aphids belonging to different subfamilies of the family Aphididae, including C. tujafilina, while the other lineage only comprises species from the subfamily Lachninae, including C. cedri (6, 22) .
In this work, we report the complete genome sequencing of B. aphidicola BCt and the results of a phylogenetic and comparative genomic analysis with the other sequenced B. aphidicola genomes, and more specifically with the closely related B. aphidicola BCc. This has enabled us to reconstruct the gene composition of the LCSA, as well as the history of gene losses, but also and more importantly, the role played by metabolism as a functional constraint in the evolution of genome reduction of bacterial endosymbionts in insects.
MATERIALS AND METHODS
Aphid material and DNA isolation. Cinara tujafilina aphids were collected from thuja trees from a natural population in Valencia, Spain, during May and June 2009.
The bacterial endosymbionts were extracted from aphids as described previously (15) . An enriched fraction of bacteriocytes was then obtained and used to extract total DNA following treatment with CTAB (cetyltrimethylammonium bromide) (3) .
Genome sequencing and gene annotation. The complete genome sequence of Buchnera aphidicola was obtained performing half a run of shotgun sequencing using GS FLX titanium single protocol (GATC Biotech). To close the chromosome, two PCRs were performed with two pairs of specific primers (primers BCtu_200 [5Ј-CCCTCCCTTAGAGATGCGTA] and BCtu_202 [5Ј-AGTTCGT TCTAGTGTTGTTAAAGATTC] and primers Bctu_170 [5Ј-TTAGCCTTGAA GAATTTTCTGTTTT] and BCtu171 [5Ј-TTTAGCGCTTTGTTTAAATTACC A]). Gap4.8b1 from Staden Package (46) was used for total assembly. The putative coding regions were identified with the GLIMMER v3.02 software (8) . ARTEMIS was used to verify the determined start and stop codons (42) . Final annotation was performed using BLASTP (E value to 10 Ϫ5 ) comparison (2) with the four previously sequenced B. aphidicola genomes. Noncoding RNAs were identified by different approaches. tRNAs as well as other small RNAs (transfermessenger RNA [tmRNA] or the RNA component of the RNase P) were predicted by tRNAscan (25) . Signal recognition particle (SRP) RNA was identified with SRPscan, as well as running the Rfam database search (12, 39) . To locate pseudogenes that were not found with GLIMMER, intergenic regions were manually analyzed by BLASTX and BLASTN (best hit and E value to 10 Ϫ5 ) (2). The GϩC content was calculated online with GeeCee (http://inn-temp .weizmann.ac.il/cgi-bin/emboss/geecee).
The putative protein-coding genes were compared to orthologous groups in the COG (Clusters of Orthologous Groups) database (48) .
Phylogenetic analyses and reconstruction of the last common symbiotic ancestor (LCSA). The alignment of the 310 orthologous genes of the five B. aphidicola genomes used in this study and the corresponding genes from the Escherichia coli K-12 (RefSeq accession no. NC_000913) genome, used as the outgroup, was performed with Clustal X (49) . Phylogenetic reconstruction was carried out by maximum likelihood (ML) using PHYML v2.4.4 with the evolutionary model GTR and gamma correction for heterogeneity of substitution rates (19) . Other useful parameters considered in the present study were the number of invariant sites derived by MODELTEST 3.7 (38) and the Akaike information criterion (1) . To test the reliability of the clades, bootstrapping was carried out with 1,000 pseudoreplicates. A Bayesian phylogenetic inference analysis was also performed with the same evolutionary model using BEAST software (10) . Phylogenetic trees were generated from two runs of 1,000,000 generations, sampling every 100 generations and discarding the first 20,000 generations as "burn in."
We obtained the gene composition of the LCSA as the addition of all the genes present in B. aphidicola strains BAp, BSg, BBp, BCc, and BCt. Then, the tree obtained was used to reconstruct the different gene loss events. According to reference 16, a gene loss in current B. aphidicola genomes was defined either as the absence of a gene present in the ancestral LCSA or as any mutational event disrupting gene functionality and producing a pseudogene.
Metabolic inference. A classification based on the nonredundant functional categories used for the Aquifex aeolicus genome (7) with modifications (15) was obtained. This classification was used to derive the metabolic pathway reconstruction using the EcoCyc database (21) .
Nucleotide sequence accession number. The genome sequence was deposited in the GenBank database under accession number CP001817. [RefSeq accession numbers shown in brackets]) using BLASTN (E value to 10 Ϫ5 ). All sequences with positive matches were selected, obtaining a total of 29,808 contigs. Then, by manual assembly taking into account the genomic synteny among the B. aphidicola chromosomes (47, 52) , the number of contigs was finally reduced to two of 400,475 and 44,451 bp. The genome was finally closed by PCR using the two sets of specific primers shown in Materials and Methods. The chimeric pLeu/Trp plasmid previously characterized in this strain (14) was also obtained as a single contig.
RESULTS

Genome features of
The general features of the B. aphidicola BCt genome and comparison with those of the other sequenced genomes of B. aphidicola are shown in Table 1 (see Fig. S1 in the supplemental material). The genome is composed of a circular chromosome of 444,930 bp, slightly smaller than the value previously determined by pulsed-field gel electrophoresis, and a plasmid of 8,069 bp, similar to that previously characterized (13, 14) . Thus, this is the second smallest B. aphidicola genome studied so far. A total of 404 putative genes have been assigned, of which 367 are protein-coding genes (361 in the main chromosome and six in the chimeric plasmid) and 37 RNA-specifying genes (31 tRNAs, three rRNAs, and three small RNAs). Nine pseudogenes have been found, six more than in B. aphidicola VOL. 77, 2011 HISTORY OF METABOLIC LOSSES IN BACTERIAL ENDOSYMBIONTS 4447
BCc. The GϩC content is 25%, higher than the 20.20% for B. aphidicola BCc, but similar to the content for the other three B. aphidicola strains. It is worth mentioning that although the genome size of B. aphidicola BCt was 27,770 bp bigger than that of B. aphidicola BCc, it contains only two more genes (404 versus 402). However, different genes have been retained in the two strains, as there are 26 and 28 different gene losses in the lineages of BCt and BCc, respectively ( Fig. 1 ). Finally, as the total length of the coding sequences (CDS) is slightly smaller in B. aphidicola BCt than in B. aphidicola BCc (11,916 bp), the extra base pairs of the B. aphidicola BCt chromosome compared to that of B. aphidicola BCc are located in the intergenic regions and in the pseudogenes.
Functional analysis of the predicted protein-coding genes.
The protein-coding genes of B. aphidicola BCt were classified according to COG categories (see Table S1 in the supplemental material) (see Fig. S2 in the supplemental material for a comparative analysis). Genes involved in translation and ribosomal structure and biogenesis (category J) are the most represented (30.57%), followed by genes devoted to transport and amino acid metabolism (category E; 12.29%) and energy production and conservation (category C; 8.29%). The gene losses in B. aphidicola BCt have mainly affected categories F (transport and nucleotide metabolism), H (coenzyme metabolism), and M (biogenesis of cell wall and external membrane). Overall, the analyses indicate that the gene reduction is biased toward the preservation of gene functions involved in the central maintenance of the bacteria and their symbiotic role to the detriment of other categories such as synthesis and transport of cofactors, cell envelope biogenesis, and synthesis of nucleotides, as previously stated (31) . In accordance with its role in symbiosis, B. aphidicola BCt strain, like other B. aphidicola strains, devoted a great effort to genes involved in amino acid metabolism (4), and unlike B. aphidicola BCc, this strain has retained the complete set of genes in the tryptophan pathway.
To assess whether gene reduction is associated with a similar loss of genes in all the COG categories or a differential loss in some of the categories, we took the distribution of COG categories in B. aphidicola BCc, the most reduced genome, as the expected distribution for the rest of the genomes. The expected values and the corresponding values by the 2 test are shown in Table S2 in the supplemental material. As can be observed, B. aphidicola strains BAp, BSg, and BBp do not follow the pattern shown by B. aphidicola BCc, whereas the COG distribution pattern shown by B. aphidicola BCt was statistically similar to the B. aphidicola BCc pattern.
Metabolic analysis. According to the gene repertoire and the metabolic network inferred (see Materials and Methods), the metabolism of B. aphidicola BCt was dramatically simplified and very similar to the metabolism of B. aphidicola BCc (37). This is due to the massive gene loss that predates the split c In the final number of genes, we have considered only one ribD gene for all genomes. The fliO and fliP genes and the fliM and fliN genes have been considered independent genes even though they are fused in some genomes. (14), and unlike B. aphidicola BCc, B. aphidicola BCt also contains the trpDCBA genes located in the main chromosome.
Phylogenetic reconstruction of B. aphidicola lineages. In order to derive the evolutionary relationships among the five B. aphidicola strains, phylogenetic reconstructions based on maximum likelihood (ML) and Bayesian phylogenetic inference analyses were carried out with the 310 concatenated orthologous genes, including E. coli as the outgroup. Both approaches yielded similar and well-supported topologies, with two separate clusters, one formed by B. aphidicola from the two members of the subfamily Aphidinae (Acyrthosiphon pisum and Schizaphis graminum) and the other formed by B. aphidicola from the two members of the subfamily Lachninae (Cinara cedri and Cinara tujafilina), which in turn clustered with B. aphidicola from the member of the subfamily Eriosomatinae (Baizongia pistacea) (Fig. 1) .
Identification of pseudogenes and gene loss events. In a previous study, Gómez-Valero and coworkers (16) carried out the reconstruction of the last common symbiotic ancestor (LCSA) by comparison of B. aphidicola BAp, BSg, and BBp genomes. To do so, gene content was determined following the criterion that all genes found in some of the extant strains were originally in the ancestral genome (52) . This was based on high genome stability and almost total absence of horizontal gene transfer events (47, 51) . We have added five genes to the LCSA previously reconstructed (16) , the genes specific to B. aphidicola BCt and BCc (sspA, yebC, zapA, and dusA), and one more due to considering the fliO and fliP genes as independent genes. Thus, the ancestral B. aphidicola genome would contain at least 645 genes, 634 of these genes located in the main chromosome and 11 in the pLeu or pTrp plasmid. Of the 634 genes, 596 would be protein-coding genes and 38 would be genes coding for RNA (see Table S3 in the supplemental material for a list of genes). It is worth mentioning that this is the minimum gene content, as we cannot incorporate the genes that have been lost simultaneously in the five strains. With this knowledge of the LCSA gene composition, we can evaluate the status of each ancestral gene for each B. aphidicola genome, i.e., active or absent genes as well as pseudogenes. The results are reported in Table 2 . The logic behind evaluating the status of each gene loss is based on the phylogenetic reconstruction ( Fig. 1 ) and on the following three assumptions. (i) If a functional gene is present in one strain but is a pseudogene or is absent in the other(s), then gene loss took place after divergence in the later lineage(s). (ii) If the genes are absent in some related strains, we consider that gene loss has taken place prior to divergence of the corresponding lineages. (iii) If some unrelated strains present pseudogenes or the genes are absent, this is interpreted as a convergent loss. The results reported in Table 2 enabled us to locate the number of losses on the phylogenetic tree throughout the evolutionary history of the five B. aphidicola lineages (Fig. 1) . The substantial number of losses experienced by two inner branches is remarkable, the ancestral one leading to B. aphidicola BBp, BCc, and BCt, and the other one leading to the two Cinara species, 77 and 138, respectively.
Finally, as already mentioned, during the evolution of B. aphidicola BCt and BCc lineages, 26 and 28 independent gene losses occurred, respectively, affecting different pathways (see Table S4 in the supplemental material). As can be seen, B. aphidicola BCt and BCc strains have losses affecting similar functional categories, though different genes have been lost: information storage and processing (8 and 6, respectively), protein processing folding and secretion (3 and 2, respectively), cellular processes (2 and 3, respectively) and metabolism (7 and 7, respectively). In addition, the BCt and BCc strains show losses affecting poorly characterized genes (6 and 4, respectively), and in B. aphidicola BCc, six genes in the cell envelope category have been lost. These genes are involved in the flagellar apparatus and are responsible for the extremely simplified flagellum found in B. aphidicola BCc, as previously reported (31, 50) .
Metabolic gene losses. We will now examine how the loss of a particular gene involved in a given metabolic pathway at a particular moment of the aphid phylogeny can affect the history of the metabolic pathway (Fig. 2 ). Metabolic genes have been considered based on the nonredundant classification by Deckert and coworkers (7) (see Table S5 in the supplemental material).
By assuming that the genes of the metabolic pathways absent in the five strains were lost in the common ancestor, the LCSA had already lost the ability to synthesize cofactors and vitamins (heme group, thiamine, ubiquinone, menaquinone, nicotine, nicotinamide, panthothenate, coenzyme A [CoA], and vitamin B 6 ). In addition, the purine synthesis pathway underwent considerable shrinkage, and therefore, purines must be synthesized from amino-imidazole carboxamide riboside 5Ј-phosphate (AICAR), coming from histidine biosynthesis.
In the common ancestor of the two members of the subfamily Aphidinae, A. pisum and S. graminum, two metabolic losses VOL. 77, 2011 HISTORY 
. aphidicola strains are abbreviated as explained in Table 1 , footnote b. b U, unique loss; S2, S3, S4, and S5, losses in two, three, four, and five strains, respectively. The strains with the gene losses are indicated in parentheses. The number of parentheses indicates the number of probable convergent losses, according to the phylogeny shown in Fig. 1. c The status of the gene(s) is indicated as follows: ϩ, gene present; Ϫ, gene absent, , pseudogene. involved in the biotin biosynthesis pathway would have occurred. During the evolution of B. aphidicola BAp and BSg lineages, nine and 15 losses are involved in metabolism, respectively, some involved in the already inactive biotin pathway and some involved in new metabolic pathways (Fig. 2 ). All the pathways affected are also affected in other lineages, with the exception of fatty acid biosynthesis. Thus, B. aphidicola BAp is the only Buchnera strain unable to synthesize fatty acids, even with the provision of malonyl-CoA from the host. With respect to the inner branch of the clade formed by Eriosomatinae (BBp) and Lachninae (BCc and BCt) lineages, we have detected 36 metabolic losses affecting many more new pathways than in the Aphidinae clade (Fig. 2) . However, there is a great contrast with the situation in the Erisosomatinae and Lachninae lineages. Whereas the highest number of metabolic losses (60 out of 138) is detected in the Lachninae ancestor, before the divergence of B. aphidicola BCc and BCt, only seven losses (none of them affecting a new pathway) are detected in the outer branch leading to B. aphicola BBp. Concerning the two Cinara species, seven and six gene losses involved in metabolism have occurred in C. cedri and C. tujafilina, respectively, although the only new pathway affected is the one involved in the loss of tryptophan biosynthesis in B. aphidicola from C. cedri. Evolution of the repair systems. A very striking result is the loss of genes involved in the repair machinery in B. aphidicola BCt. We have evaluated the degree of gene loss in the repair apparatus of the different B. aphidicola lineages, according to the phylogenetic reconstruction obtained ( Fig. 3 ; see Table S6 in the supplemental material). Although these bacteria lack recA, involved in the repair system by recombination, they could maintain adequate replication and repair processes due to alternative strategies involving the combined action of RecBCD and SbcB exonucleases (43) . On the other hand, it has been reported that Ruthia magnifica and Vesicomysocius okutanii, endosymbionts of deep-sea clams, lack RecBCD but retain homologues of SbcB, RecG, and RecJ recombinases Table 1 , footnote b. CoA, coenzyme A; AICAR, amino-imidazole carboxamide riboside 5Ј-phosphate; SAM, S-adenosylmethionine.
FIG. 3. Phylogenetic representation of gene loss events in each
Buchnera strain for repair machinery. B. aphidicola strains are abbreviated as explained in Table 1 (43) . Surprisingly, B. aphidicola BCt genome analysis revealed that it has lost the sbcB gene, while the genes coding for RecB and RecD subunits are pseudogenes. In addition, like B. aphidicola BCc, it has lost the complete MutSLH system and endA and phrB genes. However, it has retained the base excision repair system (nfo, nth, ung, and polA), which could partially counteract a variety of lesions, as occurs in some phytoplasma that lack recombination functions (43) and the mutY gene involved in G and A mismatch repair. Moreover, B. aphidicola BCt possesses a completely active DNA polymerase I that could fill in the gapped duplex. It is worth mentioning that despite B. aphidicola BCt having the most reduced repair system, the GϩC content of B. aphidicola BCt is higher than in B. aphidicola BCc and is similar to those of other B. aphidicola strains. This would seem to indicate that the AϩT bias of the bacterial endosymbionts is due to other factors and not simply the loss of repair genes.
DISCUSSION
Genome reduction in endosymbiotic bacteria is a continuous process derived from their adaptation to intracellular life. The first step toward the establishment of an obligate endosymbiosis takes place when a free-living bacterium infects the host. After the first step, both organisms coevolve to adapt to the new situation. The bacterium suffers an evolutionary genome reductive process, thus saving energy through the removal of unnecessary redundant genes. The limit to gene loss is not well understood, although the endosymbiotic genome sequences obtained in recent years provide new clues to understanding the genome reduction process. The system has been particularly well studied in insects, where with the sole exception of Carsonella ruddi, the primary endosymbiont of psylids (33) , all endosymbionts with the smallest bacterial genomes have been found to coexist with other symbionts, thus establishing a metabolic complementation that keeps the system alive (6, 34) .
Specific losses in the two members of the subfamily Lachninae. The comparative genomic analysis of B. aphidicola BCt with other previously sequenced B. aphidicola strains (37, 44, 47, 52) has shown that the genome features of the two members of the subfamily Lachninae are the most similar, although the B. aphidicola BCt genome is 28 kb bigger than that of B. aphidicola BCc. Thus, B. aphidicola BCt has only two more coding genes (a total of 404) than B. aphidicola BCc. This size difference is due to the larger size of the intergenic regions and to a higher number of pseudogenes (9 versus 3). In terms of the reduction process, these data could be interpreted to mean that this genome is in a previous step to that of B. aphidicola BCc. Thus, with time, both the pseudogenes and the intergenic part that is still undergoing nucleotide erosion will disappear (16, 28) .
At a functional level, B. aphidicola BCt shows nonsignificant differences with B. aphidicola BCc regarding the number of genes belonging to different COG functional categories (see the observed values for both strains in Table S2 in the supplemental material). These results can be explained by the large number of shared gene losses (138) that occurred in the ancestors of both Lachninae. However, the functions are not carried out by the same genes because independent gene inactivation (26 and 28 in B. aphidicola BCt and BCc, respec-tively) has occurred throughout the diversification process of both lineages, revealing a predominant role played by chance in the genome reduction process. In fact, the loss of functional genes is also occurring on a recent evolutionary time scale, as found by comparing the genomes of seven B. aphidicola strains from A. pisum strains (28) . Interestingly, the 16 inactivated genes found in these strains were also inactivated in some of the other lineages studied.
Metabolic particularities of B. aphidicola BCt genome. B. aphidicola BCt, as expected due to the low number of retained genes, was found to have a simplified metabolism, very similar to that of B. aphidicola BCc. However, there are two main differences with the other B. aphidicola strains in carbohydrate metabolism and chorismate synthesis. B. aphidicola BCt is the only B. aphidicola strain to use fructose instead of glucose in glycolysis. A similar situation has been observed in Blattabacterium, the endosymbionts of cockroaches (24) , and "Candidatus Sulcia muelleri," the cosymbiont of the sharpshooters (26), again indicating a convergent adaptation to the loss of essential (or at least beneficial) genes in the reduced genomes. In relation to the synthesis of essential amino acids, it is tempting to speculate that the loss of the essential aroE gene may have been possible if other dehydrogenases [FAD/NAD(P)-binding Rossmann fold superfamily] could carry out the same metabolic reaction, provided there is a loss of substrate specificity. Putative enzymes that could replace the shikimate dehydrogenase are encoded by the genes gapA, gnd, thrA, asd, and folD.
Phylogenetic reconstruction and gene losses. The first phylogenetic reconstruction based on both morphological and molecular characteristics considered the Lachninae subfamily a sister group of Aphidinae and, thus, very divergent from the Eriosomatinae (20, 53) . However, the position of this subfamily remains controversial. Recent molecular phylogenetic analyses of nuclear and mitochondrial aphid genes as well as B. aphidicola genes do not support the relatedness of Lachninae and Aphidinae and place the subfamily Lachninae in a basal position (35, 36) . Our analysis with the concatenated orthologous genes supports the notion that both lineages are highly divergent. However, the two members of Lachninae are not basal but form a monophyletic group with the member of the Eriosomatinae subfamily. In the present study, the analysis of the number of losses clearly indicates that the tree obtained is the most parsimonious regarding gene loss events. In Fig.  1 , the topology shows that 77 gene losses occurred in the ancestor of the Lachninae and Eriosomatinae lineages, whereas other topologies would need to consider these 77 losses as convergent ones in the ancestor of the two different lineages (Lachninae and Eriosomatinae).
Metabolic reconstruction: from the LCSA to the extant Buchnera. The metabolic reconstruction of the LCSA from the gene content of the extant Buchnera shows us how the transition from a free-living environment has led to the inactivation of many genes involved in metabolic pathways, mainly those involved in cofactor and vitamin synthesis. This indicates that in the early stages of adaptation to intracellular life, the necessary metabolites that were lost must be obtained either from the plant sap or from the aphid. These first losses in the ancestors, leading to the inactivation of certain genes corresponding to a particular metabolic pathway, can explain the high number of convergent losses in the same metabolic path- ways in different lineages, in turn inactivating other genes of that pathway. For example, the 12 gene loss events identified in the ancestor of the two members of Aphidinae are all convergent losses with at least some of the other genomes analyzed. The action of the reductive evolution has been more dramatic in the ancestor of the subfamily Lachninae and Eriosomatinae, with 78 gene losses, of which 36 are metabolic. Again, a study of the convergent gene losses indicates that 21 out of the 78 gene losses have also been lost in B. aphidicola BAp and/or B. aphidicola BSg lineages. The number of newly inactivated metabolic pathways that took place preceding the divergence of the Lachninae and Eriosomatinae lineages is remarkable. At this point, the losses affect amino acid metabolism and, again, cofactor and vitamin synthesis. It is the case of riboflavin, described as essential for aphid survival (32), terpenoids, folate, arginine, and inactivation of sulfur metabolism, affecting cysteine synthesis and S-adenosylmethionine production, needed for protein methylation. There are two possible explanations why these losses do not affect the survival of the host or the bacteria itself; the aphid can afford them, or there is a second bacterium doing the job.
In the Lachninae, the massive gene loss was probably due to gene redundancy because of the association with secondary endosymbionts (6, 22) . Thus, a total of 138 genes involved in the inactivation of biotin synthesis, glutathione metabolism, pyrimidine synthesis, and reduction of the electron chain transport and the ATP synthase complex were lost. Finally, during the evolution of the B. aphidicola BCt linage, 28 more gene losses occurred, seven of which were metabolic but none affecting new metabolic pathways. We detected 26 losses in B. aphidicola BCc, with the loss of genes involved in tryptophan biosynthesis being the most striking.
The history of gene losses in B. aphidicola reveals the interplay with other actors. A careful analysis of the history of gene losses in Buchnera provides some important clues about the role played by other actors in the symbiotic consortia (mainly different aphid hosts and a plethora of different secondary endosymbionts, most, but not all of which are considered facultative [34, 41] ). The presence of secondary or facultative symbionts in members of the subfamily Aphidinae is wellknown (34) , and thus, we postulate that in the common ancestor of the members of this subfamily, Buchnera alone played a symbiotic role. Similarly, secondary endosymbionts are not found in members of the Eriosomatinae (41) . Thus, although the ancestor of the Eriosomatinae and Lachninae lineages underwent more losses than the ancestor of the Aphidinae, which involved the inactivation of many new metabolic pathways, we postulate that B. aphidicola was the only endosymbiont, indicating that this ancestor could survive without synthesizing the missing metabolites. In the Eriosomatinae lineage, the number of gene losses is low, and more interestingly, no new pathways are affected. This situation clearly contrasts with the massive gene losses that occurred in the other derived clade, the ancestor of Lachninae. A possible explanation may again be associated with the lack of secondary endosymbionts in this lineage and the need to keep essential metabolic symbiotic functions in B. aphicola BBp, which contrasts with the presence of secondary endosymbionts, such as "Ca. Serratia symbiotica" in the lachnid host (6, 22) . Previous studies into the presence of facultative symbionts from the aphid subfamily Lachninae covering the Cinarini and Lachnini tribes showed that almost all aphids studied were infected with a bacterial symbiont in addition to Buchnera. Many of these endosymbionts were "Ca. Serratia symbiotica," although bacteria belonging to other lineages were present in some aphids. Thus, it was proposed that facultative symbionts such as "Ca. Serratia symbiotica" may be beneficial in Lachninae by compensating for inadequate nutrient provisioning by Buchnera (6) . We postulate that this association with facultative symbionts occurred in the common ancestor of the Lachninae lineage, thus allowing the massive gene loss that took place at that point in its evolution. Subsequently, new bacterial infections could have occurred, some of which replaced the ancestral one.
It has previously been shown that "Ca. Serratia symbiotica" is also present in C. tujafilina but it belongs to a different clade than that found in C. cedri (6, 22) . According to the phylogenetic reconstructions with 16S rRNA genes, "Ca. Serratia symbiotica" from C. tujafilina is similar to the one found in A. pisum, where it is a facultative endosymbiont (30) . Moreover, both "Ca. Serratia symbiotica" isolates showed similar bacillary morphology, which differed greatly from the round shape of "Ca. Serratia symbiotica" from C. cedri (11, 17, 22) . These facts could be related to the differences found in tryptophan provision in B. aphidicola BCt and B. aphidicola BCc. B. aphidicola BCt does not need metabolic complementation with "Ca. Serratia symbiotica" to make this essential amino acid, as it occurs in B. aphidicola BCc, which is a very important difference regarding its symbiotic role.
In summary, in spite of the stochastic factors that may be responsible for particular gene losses in different B. aphidicola lineages, it seems that the evolving metabolic network formed by the different actors also plays an important selective role in keeping it as a whole.
